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The adrenal steroid dehydroepiandrosterone (DHEA) and its sulfate (DHEAS) are two of 
the most abundant hormones in the human circulation. Furthermore, they are released in 
a circadian pattern and show a marked age-associated decline. Adult levels of DHEA and 
DHEAS are significantly higher in males than in females, but the reason for this sexual 
dimorphism is unclear. In the present study, we administered supplementary androgens 
[DHEA, testosterone and 5a-dihydrotestosterone (DHT)] to aged male rhesus macaques 
(Macaca mulatta). While this paradigm increased circulating DHEAS immediately after 
DHEA administration, an increase was also observed following either testosterone or DHT 
administration, resulting in hormonal profiles resembling levels observed in young males in 
terms of both amplitude and circadian pattern. This stimulatory effect was limited to DHEAS, 
as an increase in circulating Cortisol was not observed. Taken together, these data demon- 
strate an influence of the hypothalamo-pituitary-testicularaxis on adrenal function in males, 
possibly by sensitizing the zona reticularis to the stimulating action of adrenocorticopic hor- 
mone. This represents a plausible mechanism to explain sex differences in circulating DHEA 
and DHEAS levels, and may have important implications in the development of hormone 
therapies designed for elderly men and women. 
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INTRODUCTION 

Levels of the adrenal steroid dehydroepiandrosterone (DHEA) 
and its sulfate (DHEAS; collectively referred to as DHEA/S) dif- 
fer between males and females, yet the underlying cause for this 
sexual dimorphism is unknown (1). It is clear, however, that 
the gross, cellular, and molecular adrenal structure of males and 
females is essentially similar, suggesting that some factor out- 
side the adrenal gland is responsible for the greater secretion of 
DHEA/S in males (2). Given that the sex differences in DHEA/S 
are most pronounced during early adulthood, it is plausible that 
the different levels of sex-steroid hormones between adult males 
and females may play a contributing role. In fact, previous work in 
perimenopausal women and macaque models of menopause has 
shown that decreasing levels of estrogens correspond to increases 
in DHEAS (3-5), and estrogen replacement paradigms decrease 
DHEA/S (5, 6) at a rate greater than seen in normal aging without 
estrogen supplementation. As DHEA/S is a precursor to estra- 
diol (7), this may reflect a compensatory interaction between 
the hypothalamic-pituitary-gonadal (HPG) and hypothalamic- 
pituitary-adrenal axes. On the other hand, males have higher 
circulating levels of DHEAS than do females, despite having sub- 
stantially higher levels of testosterone (T). This suggests that an 
inverse relationship between adrenal and gonadal steroids exists in 
females, whereas a positive causal relationship may exist in males. 

The hormone systems discussed so far not only have the 
potential for interacting with each other, but they also show 
significant age effects. In both sexes, DHEA/S declines gradually 



and consistently starting in early adulthood, with levels reaching 
roughly 40% of their peak by the middle age and continuing to 
decline thereafter (8, 9). In females, menopause is associated with 
a sudden decline in estrogen (10, 11), while males show a less 
precipitous decline in testosterone during aging. The situation is 
further complicated by therapeutic hormonal supplementation in 
the elderly, which can alter circulating sex-steroid hormone levels, 
though not necessarily in the most appropriate physiological man- 
ner. Furthermore, in the USA DHEA is sold as a food supplement, 
requiring no prescription, and so is widely used by the elderly 
for self-medication. Thus, to fully understand the physiological 
impact of hormone changes with age the interactions between 
the HPG and HPA axes require further investigation under care- 
fully controlled experimental conditions, something that can be 
achieved more readily using non-human primates such as the 
rhesus macaque. 

Physiological replacement of steroids may protect against many 
negative aspects of aging, but it is first important to understand 
the differences between males and females and how these systems 
interact to determine the safest and most effect form of hormone 
therapy (HT). We used the rhesus macaque, a large diurnal pri- 
mate with endocrine physiology very similar to that of humans, 
to investigate the interactions between DHEA/S and testosterone. 
Because we recently observed novel interactions in a combined 
androgen supplementation paradigm (12, 13), we have expanded 
on this previous research to formulate a working hypothesis for 
adrenal and gonadal interactions. Our results indicate a strong 
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influence of testosterone on circulating levels of DHEAS, possibly 
explaining the drastic differences between male and female levels 
of the hormone. 

MATERIALS AND METHODS 
ANIMALS 

The study used adult rhesus macaques (Macaca mulatto), and 
was approved by the OHSU Institutional Animal Care and Use 
Committee. The animals were cared for by the Division of Com- 
parative Medicine at the Oregon National Primate Research Center 
(ONPRC) in accordance with the National Research Council's 
Guide for the Care and Use of Laboratory Animals. They were 
caged singly indoors under controlled environmental conditions: 
24°C temperature; 12-h light, 12-h dark photoperiods (lights on 
at 0700 h). Monkey chow was provided at 0800 and 1500 h and 
was supplemented with fresh fruit and vegetables; fresh drinking 
water was available ad libitum. 

In Experiment 1, ten adult (ll-12years) male and eight adult 
(11-12 years) female rhesus macaques were used to assess sex dif- 
ferences in circulating DHEAS levels. In Experiment 2, four young 
adult (7-12 years) and four old (21-26 years) males were used 
to examine age-related changes in circulating DHEAS levels; five 
additional old males were used to evaluate the impact of androgen 
supplementation on DHEAS. 

REMOTE BLOOD SAMPLING 

Cortisol and DHEA/S both demonstrate a circadian pattern of 
release (14-16). Therefore, to gain meaningful insights regarding 
sex-related or age-related hormone differences it was necessary to 
collect blood samples from each animal serially across an entire 
24-h period. To achieve this with minimal disruption of the ani- 
mals, each monkey was surgically implanted with a subclavian vein 
catheter, leading to a remote blood sampling system in an adjacent 
room, as previously described (17). Blood samples were collected 
into EDTA-coated borosilicate glass tubes every hour for a com- 
plete 24-h cycle. The samples were centrifuged at 4°C, and the 
plasma was stored at — 20°C until assay for Cortisol and DHEAS. 
Cortisol was assayed using electrochemiluminescence using the 
Elecsys 2010 Platform (Roche Diagnostics, Indianapolis, IN, USA). 
DHEAS was assayed using radioimmunoassay with a highly 
specific antibody for DHEAS-17-(0-carboxymethyl)oxime-BSA 
(Endocrine Services, Tarzana, CA, USA) and [ 3 H]DHEAS (SA, 
22 Ci/mmol). Intra- and interassay coefficients of variation were 
less than 10% for each assay and the assay detection limits were 
3 ng/ml. The 24-h serial blood sampling procedure was performed 
once on each animal, except for the old androgen-supplemented 
animals, which were re-sampled after each of the 5-day androgen 
supplementation tests, performed approximately 1 month apart 
(Table 1). Data were analyzed using a repeated-measures AN OVA 
with time as a within-subjects factor and group (young, old 
baseline, old supplemented) as a between-subjects factor. When 
the assumption of sphericity was not met, a Greenhouse-Geisser 
correction was implemented. 

STEROID SUPPLEMENTATION 

Animals were treated with hormones for 5 days prior to each 
blood sampling session to allow steroid levels to equilibrate. 



Table 1 | Steroid supplementation paradigms. 

Time of hormone administration 



Experiment 0700 h 1000 h 1900 h 

Baseline - 

1 DHEA (0.04 mg/kg) DHEA (0.04 mg/kg) T(12mg/kg) 

2 DHEA (0.10 mg/kg) DHEA (0.05 mg/kg) 

3 DHEA (0.10 mg/kg) DHEA (0.05 mg/kg) DHT (5-10 mg/kg) 

4 T (12 mg/kg) 

The times and doses of the four androgen supplementation paradigms are shown. 
Due to limitations on blood sampling, not all combinations of hormones were 
able to be tested at all doses. DHEA and T were dissolved in sesame oil, and 
were mixed into chocolates for oral supplementation. Animals were monitored 
to ensure the entire dose was eaten in a timely manner. 

DHEA (lOmg/ml; Sigma-Aldrich, St. Louis, MO, USA), testos- 
terone (T, 120mg/ml; Sigma-Aldrich), and dihydrotestosterone 
(DHT, 5-10 mg/ml; Sigma-Aldrich) were dissolved in commercial 
food-grade sesame oil and mixed with melted chocolate, a pre- 
ferred treat. The steroids were dissolved in sesame oil to reduce 
their uptake and rapid metabolism by the liver and instead by 
increasing their absorption through the lymphatic system (18, 
19). Chocolates were kept refrigerated at 4°C until the time of 
administration. Animals were watched at the time of adminis- 
tration to ensure the entire treat was eaten. To isolate potential 
mechanisms of adrenal androgen interaction, four supplementa- 
tion paradigms were performed (Table 1 ) : ( 1 ) DHEA administered 
at 0700 and 1000 h, T administered at 1900 h; (2) DHEA admin- 
istered at 0700 and 1000 h; (3) DHEA administered at 0700 and 
1000 h, DHT administered at 1900 h; and (4) T administered at 
0700 h. These doses were selected based on preliminary experi- 
ments that were aimed at replicating the hormone levels observed 
in young adults; consequently, the doses varied between experi- 
ments. To protect animals against excessive blood sampling, it was 
not feasible to repeat all hormone combinations at all doses in all 
of the animals. Times were chosen to replicate the endogenous cir- 
cadian peaks of T and DHEA, while in the last experiment T was 
administered in the morning to examine a possible role of time of 
day on the steroid response to T. Animals were monitored at the 
time of steroid supplementation to ensure each ate the entire treat 
in a timely manner; if the treat was refused, an equivalent dose 
was administered via a steroid-soaked cookie or prune. The doses 
used for each experiment are provided in the respective figures. As 
shown previously ( 1 3), the dose paradigm used in Experiment 1 is 
sufficient to restore circulating T and DHT to levels seen in young 
adult male rhesus macaques. 

RESULTS 

YOUNG ADULT MALE RHESUS MACAQUES SHOW SIGNIFICANTLY 
HIGHER LEVELS OF DHEAS THAN FEMALES 

Cortisol and DHEAS showed well-defined 24-h plasma profiles, 
both in the males and females (Figures 1A,B, respectively). The 
plasma levels rose gradually during the night and reached a peak in 
the morning at about the time when the lights came on. Although 
mean Cortisol levels were similar in the two sexes, mean DHEAS 
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FIGURE 1 | Twenty-four-hour plasma profiles of adrenal steroids in 
male and female rhesus macaques. Serial blood samples were remotely 
collected from adult (11-12 years) male (n= 10) and female (n = 8) animals 
and assayed for Cortisol (A) and DHEAS (B). Each data point represents the 
mean and vertical lines indicate the SEM. Time of day is indicated along the 
abscissa, and periods of darkness and light are represented by black and 
white bars, respectively. In both sexes, Cortisol and DHEAS levels rose 
gradually during the night and reached peak levels around the time of lights 
on in the morning. Mean Cortisol levels were similar in the two sexes, 
whereas mean DHEAS levels were significantly higher in males than in 
females (P<0.01, Student's f-test.) 



levels were significantly higher in males than in females (P < 0.01, 
Student's f-test). 

AGING IS ASSOCIATED WITH DECREASED CIRCULATING DHEAS LEVELS 

As shown in Figure 2A, circulating levels of DHEAS at baseline 
were significantly lower in aged (open squares) than in young 



males (open circles). A repeated-measures ANOVA with time 
as within-subjects factor and group (young and old base- 
line) as between-subjects factor indicated a significant effect 
of time (F = 6.427, P< 0.001), significant effect of group 
(F = 21.828, P = 0.003), and a significant group-by-time inter- 
action (F = 7.146, P = 0.001). Circulating DHEAS was higher in 
young males at all time points. 

TESTOSTERONE ADMINISTRATION IN AGED MALE RHESUS 
MACAQUES SIGNIFICANTLY INCREASES CIRCULATING DHEAS TO 
LEVELS OBSERVED IN YOUNG MALE RHESUS MACAQUES 

Supplementation with DHEA resulted in a significant increase 
in circulating DHEAS in old males shortly after administration 
(Figure 2A, closed circles). Interestingly, although DHEAS lev- 
els declined throughout the day, they again began to increase 
shortly after administration of T at 1900 h. This increase was sus- 
tained throughout the night, resulting in higher DHEAS levels than 
baseline in the morning before DHEAS had been administered. 

The supplementation paradigm was modified to further 
explore this phenomenon. If DHEAS rose throughout the night 
in the absence of exogenous T, we could conclude that this is a 
possible priming effect, by which exogenous DHEA stimulates the 
adrenal glands to produce more of their own DHEAS for the fol- 
lowing day. However, as shown in Figure 2B, circulating DHEAS 
remained low throughout the night when no T was admin- 
istered. A repeated-measures ANOVA with Greenhouse-Geisser 
correction for differences in sphericity was performed, compar- 
ing DHEAS between 1900 and 0700 h in animals receiving both 
T and DHEA as described versus animals receiving DHEA in the 
morning but no T at 1900 h. This test revealed a significant effect 
of time (F = 4.978, P = 0.026), treatment (F = 20.786, P = 0.003), 
and treatment-by-time interaction (F = 10.640, P = 0.002). 

DHT ADMINISTRATION IN AGED MALE RHESUS MACAQUES 
SIGNIFICANTLY INCREASES CIRCULATING DHEAS TO LEVELS SEEN IN 
YOUNG MALE RHESUS MACAQUES 

The results from the previous experiments suggest that T itself 
can increase circulating DHEAS. Testosterone is only two steps 
beyond DHEA in the steroidogenic pathway, and our dose of T 
needed to be very high in order to increase circulating levels to 
those of young animals. Therefore, we hypothesized that some of 
the exogenous T may have been back-converted to DHEAS, result- 
ing in the observed gradual increase in circulating DHEAS levels. 
To test this possibility we replaced the exogenous T in our andro- 
gen supplementation paradigm with its more active metabolite, 
DHT. We reasoned that if our administered T was being converted 
back to DHEAS, then substitution of T with DHT, a hormone fur- 
ther along the steroidogenic pathway, should prevent the increase 
in DHEAS levels from occurring. However, the results clearly 
show that even with this alternate androgen supplementation par- 
adigm circulating DHEAS increased above baseline levels starting 
at 1900 h; the resulting hormone pattern was nearly identical to 
that of young control animals (Figure 2C). A repeated-measures 
ANOVA between the baseline and DHT-supplemented animals 
revealed a significant effect of group (F = 12.944, P = 0.009), with 
DHT treatment resulting in an increase in circulating DHT start- 
ing at 1900 h. These data suggest that not only is a back-conversion 
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FIGURE 2 | Age-related changes in circulating adrenal steroid levels 
in male rhesus macaques, and the impact of androgen 
supplementation. Serial blood samples were remotely collected from 
young (7-12years, n = 4) and old (21-26years, n = 4) males, as well as 
old males exposed to 5 days of various androgen supplementation 
paradigms (21-26 years, n = 5) . The samples were subsequently assayed 
for DHEAS (A-C) and/or Cortisol (D). Each data point represents the 
mean and vertical lines indicate the SEM.Time of day is indicated along 
the abscissa, and periods of light and darkness are represented by white 



and black bars, respectively. In each panel, the times of oral androgen 
administration are depicted as follows: D = DHEA (0.04-0.10 mg/kg body 
weight), T = testosterone (12 mg/kg body weight), DHT = 5a-DHT 
(5-10 mg/kg body weight). For reference, the same DHEAS profiles from 
the young and old controls are depicted in (B-C).The data demonstrate 
that androgen supplementation at an appropriate time of day can restore 
24-h circulating DHEAS levels in old males rhesus macaques. 
Importantly, they also demonstrate an unexpected stimulatory action of 
gonadal steroids on DHEAS. 



of T to DHEA/S unlikely, but that the increase in circulating 
DHEAS is an androgen-receptor-mediated mechanism. 

TESTOSTERONE AND DHEA SUPPLEMENTATION DO NOT CAUSE AN 
INCREASE CIRCULATING CORTISOL 

Both DHEA and Cortisol are secreted by the adrenal gland in 
response to adrenocorticotropic hormone (ACTH) from the hypo- 
thalamus. To further examine where testosterone is having an 
effect to increase DHEAS, we also assayed a series of 24 h blood 
samples from our DHEA and T combined supplementation par- 
adigm for Cortisol. If androgen activation at the level of the brain 



increases ACTH secretion, Cortisol would also increase at the time 
of T supplementation. However, as shown in Figure 2D, T supple- 
mentation did not result in increased circulating Cortisol levels. A 
repeated-measures ANOVA with time as a within-subjects factor 
and group (old control, open circles; old androgen-treated, closed 
circles; and young, open squares) as a between subjects factor 
revealed a significant effect of time (F = 56.758, P < 0.001), group 
(F = 5.438, P = 0.028), and group-by-time interaction (F = 2.093, 
P < 0.001). The significant effect of group was driven by differ- 
ences between the old control and old androgen-treated animals, 
with androgen treatment associated with significant reductions 
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in circulating Cortisol at 1000, 1500, 2100, 2200, 2300, 2400, and 
0300 h. There was no significant difference between circulating 
Cortisol in the young animals as compared to either the old control 
or old androgen-treated animals. 

DISCUSSION 

Research on adrenal sex differences in humans and non-human 
primates is limited, but some interesting observations have been 
made. The finding that DHEA/S differs dramatically between 
males and females is highly consistent and is maintained through- 
out the lifespan in both humans and rhesus macaques (7, 20-22), 
but to date no theories as to the mechanism of this difference have 
been adequately investigated. The differences in aging profiles of 
adrenal and gonadal hormones further complicates any potential 
interactions, as estrogen in females drops precipitously at the time 
of menopause, DHEA/S in both sexes declines slowly and consis- 
tently starting in the third decade (8), and testosterone in males 
decreases very slowly, gradually, and to a much lesser extent than 
other hormones (23-25). 

While much work is yet to be done to study differences between 
the male and female adrenal gland, early work suggests that the 
difference in adrenal output is not due to intrinsic physiolog- 
ical differences but due to differential hormonal input to the 
adrenal glands of males and females. Although sex differences in 
both circulating DHEA/S and adrenal morphology and physiol- 
ogy are seen in the marmoset, with respect to both size of the 
zona reticularis (ZR, the layer of the adrenal gland that synthesizes 
DHEA/S) and expression of steroidogenic genes, similar differ- 
ences are not observed in humans. Specifically, in the marmoset, 
females secrete significantly more DHEA/S than males due to both 
gross anatomical differences in the adrenal gland with increased 
adrenal zonation, as well as differences in enzymatic machinery 
with an increased expression of cytochrome b5 (26). However, 
in humans the male and female ZR are similar in both size and 
cytochrome b5 expression (27). Also, cultured male and female 
adrenal glands respond with identical levels of DHEA secretion 
when stimulated by ACTH (2). Further, females receiving long- 
term treatment with T show an increased response of DHEA 
to ACTH stimulation as compared to female controls (28, 29), 
suggesting that the adrenal machinery is the same in males and 
females, but the hormonal input from the HPG axis can modu- 
late adrenal output. Given the established research on male and 
female adrenal physiology and the lack of evidence for sex differ- 
ences in either gross morphology or cellular physiology, it is our 
hypothesis that the higher level of DHEAS seen in male humans 
and non-human primates is due to T increasing the sensitivity of 
the ZR to ACTH. Consistent with this hypothesis, our paradigm 
of testosterone supplementation significantly increased circulat- 
ing DHEAS of aged male macaques in a manner mimicking the 
circadian profile of DHEAS in young male macaques. 

Although we cannot rule out the possibility that our androgen 
supplementation paradigms acted further up in the hypothalamo- 
pituitary-adrenal axis, it is unlikely that CRH or ACTH were 
affected because we saw no stimulatory effect of androgen on 
Cortisol; like DHEA/S, Cortisol is stimulated by ACTH but is 
secreted primarily from the zona fasicularis (ZF) rather than the 
ZR. Also, several studies suggest ACTH secretion is similar in 



males and females (30-33). Previous studies of post-menopausal 
women found that long-term administration of DHEA increased 
DHEA production in response to ACTH (34, 35), a finding we 
did not replicate presently as when DHEA was administered 
without testosterone we observed no night-time increase in cir- 
culating DHEAS. However, our study supplemented animals for 
less than 1 week, which may not have been enough time to ade- 
quately increase adrenal sensitivity to ACTH. Thus, it is likely that 
increased levels of both DHEA/S and T can induce the adrenal 
glands to produce more DHEA/S. 

One endogenous disturbance of normal androgen interactions 
can be seen in the case of polycystic ovarian syndrome (PCOS), 
in which women exhibit high levels of both testosterone and 
DHEA/S, and these women demonstrate an increased responsive- 
ness of DHEAS production when stimulated with ACTH (36). 
High levels of testosterone have in fact been implicated as a poten- 
tial cause of PCOS (37, 38); however, the impact of increased 
testosterone on circulating DHEA/S in women has yet to be studied 
extensively. 

One of the most common complaints in aging is a decline in 
cognition (39, 40), a domain that has been studied extensively 
with regard to estrogens, T, and DHEA/S. While some success has 
been seen with estrogen replacement in younger women post- 
ovohysterectomy (41), and with testosterone supplementation in 
elderly men (42-44), results from large-scale HT studies are bleak 
at best (45, 46). Despite promising results in rodents and benefits 
of the HT on other target tissues, such as maintenance of muscle 
mass (47), bone density (48, 49), and immune function (50, 51), 
DHEA/S supplementation in elderly humans (52-56) shows lit- 
tle to no effect on cognition. A potential drawback of all of these 
studies is their focus on just one component of the endocrine sys- 
tem. As these hormones interact, changing one steroid may result 
in compensation by others, rendering the effects null. Therefore, a 
combination of adrenal and gonadal HT may be more promising 
for the cognitive domain than HT with any one steroid alone. 

Our results indicate that not only does the interaction between 
DHEAS and T occur in the adrenal gland (and not the hypothal- 
amus, as higher ACTH would increase circulating Cortisol), but it 
is limited to an effect on the ZR, the area that produces DHEA/S, 
and not the ZF, the area that synthesizes Cortisol, as Cortisol levels 
were not affected by T administration. Additionally, DHEAS, but 
not Cortisol, decreased with age, suggesting changes in only the 
ZR occur with age. This is consistent with studies showing regres- 
sion of the ZR in older humans (27, 57) and rhesus macaques (5). 
However, the ability of the adrenal gland to respond to T admin- 
istration with youthful production of DHEAS suggests DHEA/S 
production itself is not impaired with age, but the responsive- 
ness of the ZR to ACTH may be dampened. Thus, it may not be 
necessary to supplement with DHEA itself to increase circulating 
DHEAS levels in the elderly; merely supplementing with T with the 
physiologically correct time course may help to restore an overall 
youthful hormonal profile in elderly men. 

AUTHOR CONTRIBUTIONS 

Krystina G. Sorwell contributed to the study design, data col- 
lection, data analysis, interpretation of results, and writing and 
revising the manuscript. Dr. Steven G. Kohama contributed to 



www.frontiersin.org 



June 2014 | Volume 5 | Article 101 | 5 



Sorwell et al. 



Influence of androgens on circulating DHEAS levels 



the study design, interpretation of results, and assisted in revising 
the manuscript. Dr. Henryk F. Urbanski contributed to the study 
design, data collection, interpretation of results, and assisted in 
writing and revising the manuscript. 

ACKNOWLEDGMENTS 

This research was supported by the following grants from 
the National Institutes of Health: AG-023477, AG-029612, AG- 
036670, HD-007133 and OD-011092. The authors would like to 
thank Jamie Garten, Vasilios Garyfallou, and Alison Weiss for assis- 
tance with blood sample collection, and members of the ONPRC 
Division of Comparative Medicine for help with maintenance of 
the animals. 

REFERENCES 

1. Rehman KS, Carr BR. Sex differences in adrenal androgens. Semin Reprod Med 
(2004) 22:349. doi:10.1055/s-2004-861551 

2. Fearon U, Clarke D, McKenna TJ, Cunningham SK. Intra-adrenal factors are not 
involved in the differential control of Cortisol and adrenal androgens in human 
adrenals. Eur J Endocrinol (1998) 138:567. doi:10.1530/eje.0.1380567 

3. Lasley BL, Crawford S, McConnell DS. Adrenal androgens and the menopausal 
transition. Obstet Gynecol ClinNorthAm (2011) 38:467. doi:10.1016/j.ogc.2011. 
06.001 

4. McConnell DS, Stanczyk FZ, Sowers MR, Randolph JF Jr, Lasley BL. Menopausal 
transition stage-specific changes in circulating adrenal androgens. Menopause 
(2012) 19:658. doi:10.1097/gme.0b013e31823fe274 

5. Conley AJ, Stanczyk FZ, Morrison JH, Borowicz P, Benirschke K, Gee NA, 
et al. Modulation of higher-primate adrenal androgen secretion with estrogen- 
alone or estrogen-plus-progesterone intervention. Menopause (2013) 20:322. 
doi:10.1097/GME.0b013e318273a070 

6. Pluchino N, Genazzani AD, Bernardi F, Casarosa E, Pieri M, Palumbo M, 
et al. Tibolone, transdermal estradiol or estrogen-progestin therapies: effects 
on circulating allopregnanolone, Cortisol and dehydroepiandrosterone. Gynecol 
Endocrinol (2005) 20:144. doi:10.1080/09513590400021169 

7. Labrie F. Intracrinology. Mol Cell Endocrinol (1991) 78:C1 13. doi:10.1016/0303- 
7207(91)90116-A 

8. Labrie F. DHEA, important source of sex steroids in men and even more in 
women. Prog Brain Res (2010) 182:97. doi:10.1016/S0079-6123(10)82004-7 

9. Orentreich N, Brind JL, Vogelman JH, Andres R, Baldwin H. Long-term longitu- 
dinal measurements of plasma dehydroepiandrosterone sulfate in normal men. 
J Clin Endocrinol Metab (1992) 75:1002. doi:10.1210/jc.75.4.1002 

10. Rannevik G, Jeppsson S, Johnell O, Bjerre B, Laurell-Borulf Y, Svanberg L. A lon- 
gitudinal study of the perimenopausal transition: altered proviles of steroid and 
pituitary hormones, SHBG and bone mineral density. Maturitas (1995) 21:103. 
doi:10.1016/0378-5122(94)00869-9 

11. Overlie I, Moen MH, Morkrid L, Skjaeraasen JS, Holte A. The endocrine tran- 
sition around menopause - a five years prospective study with profiles of 
gonadotropines, estrogens, androgens and SHBG among healthy women. Acta 
Obstet Gynecol Scand (1999) 78:642. doi:10.1080/j.l600-0412. 1999.780714.x 

12. Sorwell KG, Garten J, Renner L, Weiss A, Garyfallou VT, Kohama SG, et al. Hor- 
mone supplementation during aging: how much and when? Rejuvenation Res 
(2012) 15:128. doi:10.1089/rej.2011.1251 

13. Urbanski HF, Sorwell KG, Garyfallou VT, Garten J, Weiss A, Renner L, etal. 
Androgen supplementation during aging: development of a physiologically 
appropriate protocol. Rejuvenation Res (2014) 17:150. doi:10.1089/rej.2013. 
1518 

14. Downs JL, Mattison JA, Ingram DK, Urbanski HF. Effect of age and caloric 
restriction on circadian adrenal steroid rhythms in rhesus macaques. Neurobiol 
Aging (2008) 29:1412. doi:10.1016/j.neurobiolaging.2007.03.011 

15. Lemos DR, Downs JL, Raitiere MN, Urbanski HF. Photoperiodic modulation 
of adrenal gland function in the rhesus macaque: effect on 24-h plasma Cortisol 
and dehydroepiandrosterone sulfate rhythms and adrenal gland gene expression. 
} Endocrinol (2009) 201:275-85. doi:10.1677/JOE-08-0437 

16. Sorwell KG, Kohama SG, Urbanski HF. Perimenopausal regulation of steroido- 
genesis in the nonhuman primate. Neurobiol Aging (2012) 33:1487. el. doi:10. 
1016/j.neurobiolaging.2011.05.004 



1 7. Urbanski HF. Circadian variation in the physiology and behavior of humans and 
nonhuman primates. In: Raber J, editor. Animal Models of Behavioral Analysis, 
Neuromethods (Vol. 50), New York: Humana Press (2009). p. 217-35. 

18. Amory JK, Bremner WJ. Oral testosterone in oil plus dutasteride in men: a 
pharmacokinetic study. } Clin Endocrinol Metab (2005) 90:2610. doi:10.1210/jc. 
2004-1221 

19. Amory JK, Page ST, Bremner WJ. Oral testosterone in oil: pharmacokinetic 
effects of 5alpha reduction by finasteride or dutasteride and food intake in men. 
JAndrol (2006) 27:72. doi:10.2164/jandrol.05058 

20. Labrie F, Belanger A, Luu-The V, Labrie C, Simard J, Cusan L, et al. DHEA and the 
intracrine formation of androgens and estrogens in peripheral target tissues: its 
role during aging. Steroids (1998) 63:322. doi:10.1016/S0039- 128X(98)00007-5 

21. Lennartsson A-K, Kushnir MM, Bergquist J, Jonsdottir IH. DHEA and DHEA-S 
response to acute psychosocial stress in healthy men and women. Biol Psychol 

(2012) 90:143. doi:10.1016/j.biopsycho.2012.03.003 

22. Sorwell KG, Urbanski HF. Causes and consequences of age-related steroid hor- 
mone changes: insights gained from nonhuman primates. / Neuroendocrinal 

(2013) 25:1062. doi:10.1111/jne,12064 

23. Harman SM, Metter EJ, Tobin JD, Pearson J, Blackman MR, Baltimore Longi- 
tudinal Study of Aging. Longitudinal effects of aging on serum total and free 
testosterone levels in healthy men. Baltimore Longitudinal Study of Aging. / Clin 
Endocrinol Metab (2001) 86:724. doi:10.1210/jcem.86.2.7219 

24. Feldman HA, Longcope C, Derby CA, Johannes CB, Araujo AB, Coviello AD, 
et al. Age trends in the level of serum testosterone and other hormones in middle- 
aged men: longitudinal results from the Massachusetts male aging study. / Clin 
Endocrinol Metab (2002) 87:589. doi:10.1210/jcem.87.2.8201 

25. Schlatt S, Pohl CR, Ehmcke J, Ramaswamy S. Age-related changes in diurnal 
rhythms and levels of gonadotropins, testosterone, and inhibin B in male rhesus 
monkeys {Macaca mulatto). Biol Reprod (2008) 79:93. doi:10.1095/biolreprod. 
107.066126 

26. Pattison JC, Saltzman W, Abbot DH, Hogan BK, Nguyen AD, Husen B, 
et al. Gender and gonadal status differences in zona reticularis expression 
in marmoset monkey adrenals: cytochrome b5 localization with respect to 
cytochrome P450 17,20-lyase activity. Mol Cell Endocrinol (2007) ) 265-266:93. 
doi:10.1016/j.mce.2006.12.023 

27. Dharia S, Slane A, Jian M, Conner M, Conley AJ, Brissie RM, et al. Effects of aging 
on cytochrome b5 expression in the human adrenal gland. / Clin Endocrinol 
Metab (2005) 90:4357. doi:10.1210/jc.2005-0017 

28. Polderman KH, Gooren LJ, van der Veen EA. Testosterone administration 
increases adrenal response to adrenorticotropin. Clin Endocrinol (Oxf) (1994) 
40:595. doi:10.1111/j.l365-2265.1994.tb03010.x 

29. Polderman KH, Gooren LJ, van der Veen EA. Effects of gonadal androgens and 
oestrogenes on adrenal androgen levels. Clin Endocrinol (Oxf) (1995) 43:415. 
doi:10.1111/j.l365-2265.1995.tb02611.x 

30. Pasquali R, Ambrosi B, Armanini D, Cavagnini F, Uberti ED, Del Rio G, et al. 
Cortisol and ACTH response to oral dexamethasone in obesity and effects of 
sex, body fat distribution, and dexamethasone concentrations: a dose-response 
study. JClin Endocrinol Metab (2002) 87:166. doi:10.1210/jcem.87.1.8158 

3 1 . Keenan DM, Roelfsema F, Carroll BJ, Iranmanesh A, Veldhuis JD. Sex defines the 
age dependence of endogenous ACTH-cortisol dose responsiveness. Am J Physiol 
Regul Integr Comp Physiol (2009) 297:R515. doi:10.1153/ajpregu.00200.2009 

32. Sanchez MM, McCormack K, Grand AP, Fulks R, Graff A, Maestripieri D. Effects 
of sex and early maternal abuse on adrenocorticotropin hormone and Cortisol 
responses to the corticotropin-releasing hormone challenge during the first 3 
years of life in group-living rhesus monkeys. Dev Psychopathol (2010) 22:45. 
doi: 10. 10 1 7/S0954579409990253 

33. DeSantis SM, Baker NL, Back SE, Spratt E, Ciolino JD, Moran-Santa Maria M, 
et al. Gender differences in the effect of early life trauma on hypothalamic- 
pituitary-adrenal axis functioning. Depress Anxiety (2011) 28:383. doi:10.1002/ 
da.20795 

34. Stomati M, Monteleone P, Casarosa E, Quirici B, Puccetti S, Bernardi 
F, et al. Six-month oral dehydroepiandrosterone supplementation in early 
and late postmenopause. Gynecol Endocrinol (2000) 14:342. doi:10.3109/ 
09513590009167703 

35. Genazzani AR, Pluchino N, Begliuomini S, Stomati M, Bernardi F, Pieri 
M, et al. Long-term low-dose oral administration of dehydroepiandrosterone 
modulates adrenal response to adrenocorticotropic hormone in early and 
late postmenopausal women. Gynecol Endocrinol (2006) 22:627. doi:10.1080/ 
09513590601024681 



Frontiers in Endocrinology | Neuroendocrine Science 



June 2014 | Volume 5 | Article 101 | 6 



Sorwell et al. 



Influence of androgens on circulating DHEAS levels 



36. Moran C, Reyna R, Boots LS, Azziz R. Adrenocortical hyperresponsiveness to 
corticotrophin in polycystic ovary syndrome patients with adrenal excess. Fertil 
Steril (2004) 81:126. doi:10.1016/j.fertnstert.2003.07.008 

37. Zhou R, Bird IM, Dumesic DA, Abbott DH. Adrenal hyperandrogenism is 
induced by fetal androgen excess in a rhesus monkey model of polycystic ovary 
syndrome. / Clin Endocrinol Metab (2005) 90:6630. doi:10.1210/jc.2005-0691 

38. Nisenblat V, Norman RJ. Androgens and polycystic ovary syndrome. Curr Opin 
Endocrinol Diabetes Obes (2009) 16:224. doi:10.1097/MED.0b013e32832afd4d 

39. Stewart R. Subjective cognitive impairment. Curr Opin Psychiatry (2012) 25:445. 
doi:10.1097/YCO.0b013e3283586fd8 

40. Buckley R, Saling MM, Ames D, Rowe CC, Lautenschlager NT, Macaulay 
SL, et al. Factors affecting subjective memory complaints in the AIBL aging 
study: biomarkers, memory, affect, and age. Int Psychogeriatr (2013) 25:1307. 
doi:10.1017/S1041610213000665 

41. Verghese J, Kuslansky G, Katz MJ, Sliwinski M, Crystal HA, Buschke H, et al. 
Cognitive performance in surgically menopausal women on estrogen. Neurology 
(2000) 55:872. doi:10.1212/WNL.55.6.872 

42. Moffat SD. Effects of testosterone on cognitive and brain aging in elderly men. 
Ann NY Acad Sci (2005) 1055:80. doi:10.1196/annals.l323.014 

43. Janowsky JS, Oviatt SK, Orwoll ES. Testosterone influences spatial cognition in 
older men. Behav Neurosci (1994) 108:325. doi:10.1037/0735-7044.108.2.325 

44. Janowsky JS, Chavez B, Orwoll E. Sex steroids modify working memory. / Cogn 
Neurosci (2000) 12:407. doi:10.1162/089892900562228 

45. Emmelot-Vonk MH, Verhaar HJ, Nakhai Pour HR, Aleman A, Lock TM, Bosch 
JL, et al. Effect of testosterone supplementation on functional mobility, cogni- 
tion, and other parameters in older men: a randomized controlled trial. JAMA 
(2008) 299:39. doi:10.1001/jama.2007.51 

46. Sherwin BB. Estrogen and cognitive functioning in women: lessons we have 
learned. Behav Neurosci (2012) 126:123. doi:10.1037/a0025539 

47. Kenny AM, Boxer RS, Kleppinger A, Brindisi J, Feinn R, Burleson JA. Dehy- 
droepiandrosterone combined with exercise improves muscle strength and 
physical function in frail older women. / Am Geriatr Soc (2010) 58:1707. 
doi:10.1111/j.l532-5415.2010.03019.x 

48. von Miihlen D, Laughlin GA, Kritz-Silverstein D, Bergstrom J, Bettencourt R. 
Effect of dehydroepiandrosterone supplementation on bone mineral density, 
bone markers, and body composition in older adults: the DAWN trial. Osteo- 
poroslnt (2008) 19:699. doi:10.1007/s00198-007-0520-z 

49. Weiss EP, Shah K, Fontana L, Lambert CP, Holloszy JO, Villareal DT. Dehy- 
droepiandrosterone replacement therapy in older adults: 1- and 2-y effects on 
bone. Am J Clin Nutr (2009) 89:1459. doi:10.3945/ajcn.2008.27265 

50. Casson PR, Andersen RN, Herrod JG, Stentz FB, Straughn AB, Abraham GE, 
et al. Oral dehydroepiandrosterone in physiologic doses modulates immune 
function in postmenopausal women. Am J Obstet Gynecol (1993) 169:1536. 
doi:10.1016/0002-9378(93)90431-H 



51. Buford TW, Willoughby DS. Impact of DHEA(S) and Cortisol on immune 
function in aging: a brief review. Appl Physiol Nutr Metab (2008) 33:439. 
doi:10.1139/H08-013 

52. Wolf OT, Neumann O, Hellhammer DH, Geiben AC, Strasburger CJ, 
Dressendorfer RA, et al. Effects of a two-week physiological dehydroepiandros- 
terone substitution on cognitive performance and well-being in healthy elderly 
women and men. / Clin Endocrinol Metab (1997) 82:2363. doi:10. 12 10/jcem.82. 
7.4056 

53. Wolf OT, Kudielka BM, Hellhammer DH, Hellhammer J, Kirschbaum C. Oppos- 
ing effects of DHEA replacement in elderly subjects on declarative memory 
and attention after exposure to a laboratory stressor. Psychoneuroendocrinology 
(1998) 23:617. doi:10.1016/S0306-4530(98)00032-8 

54. Wolf OT, Kirschbaum C. Actions of dehydroepiandrosterone and its sulfate in 
the central nervous system: effects on cognition and emotion in animals and 
humans. Brain Res Brain Res Rev (1999) 30:264. doi:10.1016/S0165-0173(99) 
00021-1 

55. Arlt W, Callies F, Koehler I, van Vlijmen JC, Fassnacht M, Strasburger CJ, et al. 
Dehydroepiandrosterone supplementation in healthy men with an age-related 
decline of dehydroepiandrosterone secretion. / Clin Endocrinol Metab (2001) 
86:4686. doi:10.1210/jcem.86.10.7974 

56. Kritz-Silverstein D, von Miihlen D, Laughlin JA, Bettencourt R. Effects of dehy- 
droepiandrosterone supplementation on cognitive function and quality of life: 
the DHEA and Well-Ness (DAWN) Trial. J Am Geriatr Soc (2008) 56:1292. 
doi:10.1111/j.l532-5415.2008.01768.x 

57. Abbott DH, Bird IM. Nonhuman primates as models for human adrenal andro- 
gen production: function and dysfunction. Rev Endocr Metab Disord (2009) 
10:33. doi:10. 1007/sl 1 154-008-9099- 8 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 03 April 2014; accepted: 12 June 2014; published online: 25 June 2014. 
Citation: Sorwell KG, Kohama SG and Urbanski HF (2014) Testosterone increases 
circulating dehydroepiandrosterone sulfate levels in the male rhesus macaque. Front. 
Endocrinol. 5:101. doi: 10.3389/fendo.2014.00101 

This article was submitted to Neuroendocrine Science, a section of the journal Frontiers 
in Endocrinology. 

Copyright © 2014 Sorwell, Kohama and Urbanski. This is an open-access article dis- 
tributed under the terms of the Creative Commons Attribution License (CC BY). The 
use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



www.frontiersin.org 



June 2014 | Volume 5 | Article 101 | 7 



